Stem cells are central to the development and maintenance of many tissues. This is due to their capacity for extensive proliferation and differentiation into effector cells. More recently it has been shown that the proliferative and differentiative ability of stem cells decrease with age, suggesting that this may play a role in tissue aging. Down Syndrome (DS), is associated with many of the signs of premature tissue aging including T-cell deficiency, increased incidence of early Alzheimer-type and Myelodysplastic-type disease and leukemia. Previously we have shown that both hematopoietic (HSC) and neural stem cells (NSC) in patients affected by DS showed signs of accelerated aging. In this study we tested the hypothesis that changes in gene expression in HSC and NSC of patients affected by DS reflects changes occurring in stem cells with age. The profiles of genes expressed in HSC and NSC from DS patients highlights pathways associated with cellular aging including a downregulation of DNA repair genes and increases in proapoptotic genes, s-phase cell cycle genes, inflammation and angiogenesis genes.
Introduction
Stem cells are central to the development, maintenance and repair of all tissues. This is due to their capacity for extensive proliferation and differentiation into multiple effector cells. The fact that aging is accompanied by a diminished capacity to adequately maintain tissue homeostasis has suggested that a decline in stem cell function may be central to the process of tissue aging.
Indeed stem cells from several tissues have been shown to functionally decline with advancing age. In haematopoietic stem cells (HSC) this is manifested with a decreased competitive repopulating ability, a skewing of lineage potential from lymphopoiesis to myelopoiesis [1] . This is thought to contribute to the loss of immune function [2] , increased incidence of leukaemia [3] and onset of anaemia [4] occurring with age.
Similarly neural stem cells (NSC) have been shown to be reduced in numbers and proliferative potential in the subventricular zone and in dentate gyrus of the hippocampus with age [5] [6] [7] . Moreover diminished neurogenesis has been observed in the olfactory bulb of old mice [5] , where NSC migrate and contribute to neurogenesis. Neurogenesis is thought to be important for sensory and cognitive functions such as memory and learning [8] , and therefore NSC aging has been linked to the decline of those activities in older people.
Understanding genes and their interactions leading to stem cell aging is vital to open up opportunities for drug discovery and strategies to identify compounds capable of
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extending tissue survival and repair. Preventive targeting of relatively young stem cells, which show predisposition to an accelerated aging is more likely to be successful rather than targeting of aged stem cells which have undergone profound and complex changes and unlikely to be reverted by any intervention. Given that aging is considered a continuous process starting early in development and occurring at different pace in each individual the identification of when and whose stem cells require intervention is difficult but key to the design of any therapy.
We have previously identified Down syndrome (DS) as a model to study early events occurring in stem cells with age. DS is associated with many of the signs of premature tissue aging including early abnormalities typical of Alzheimer disease (AD), T-cell deficiency, increased incidence of Myelodysplastic-type disease and leukemia [9] [10] [11] [12] [13] ; and can be detected from an early phase in development thanks to the presence of trisomy 21.
We have shown that stem cells in DS show signs of premature aging. Mean telomere restriction fragment length (mTRF) of peripheral blood lymphocytes declines more rapidly in individuals with DS than in normal individuals reflecting an accelerated HSC telomere shortening [14] . The accelerated telomere shortening is already present in fetal life and is associated with stem cell deficiency as shown by a reduction in cells possessing the phenotype of HSC (detected as CD34+ cells) in fetal blood and bone marrow (BM) of DS children and in the number of long term culture initiating cells in their BM [14] . Moreover NSC derived from the cortical tissue of DS fetuses at [17] [18] [19] weeks of gestation show severely reduced replicative capacity and early loss of neuronal differentiation capacity after 10 weeks in culture [15] .
In this study we have used HSC and NSC from patients affected by DS at very early stages of development, to identify early changes in gene expression occurring in HSC and NSC with age. Using a combination of genomic analysis and mathematical modeling, we have identified a dysregulation of the Notch/Wnt pathway and showed that changes in DS stem cells reflected molecular events occurring in stem cells of older people. These data are consistent with the hypothesis that DS is an invaluable model to determine the molecular markers predisposing to stem cell aging and is suitable to unveil new molecular targets for intervention. 
Materials and methods

Sample collection and cell separation
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used is represented in Fig.1 . Purity was assessed at the end of the sort whenever cell numbers allowed and was found to be >95%. Cortical precursors isolated from fetal brain were induced to proliferate as free-floating neurospheres [16] . Briefly, freshly isolated tissue was mechanically chopped and seeded into flasks. The cells were initially expanded in DMEM/Ham's F12 media with penicillin, streptomycin, amphotericin B (PSA, 1%) and supplemented with B27 (2%;
Life Technologies) and mitogens: EGF (20ng/ml; Sigma), and FGF-2 (20 ng/ml; R & D Systems) with heparin (5 ug/ml). Media was replenished every 3-4 days. Neurospheres were passaged every 14 days by a chopping method that does not require trypsin or mechanical dissociation, and cell-cell contact was continuously maintained (Svendsen et al., 1998) . After 2 weeks, neurospheres were grown in DMEM/Ham's F12 media with penicillin, streptomycin, amphotericin B (PSA, 1%) and supplemented with N2 (1%; Life Technologies) and 20 ng/ml EGF.
PolyA RT-PCR
A total of 200-1000 HSC or NSC were directly lysed in cell lysis buffer and PolyA RT-PCR was carried out. Global amplification of cDNA corresponding to all expressed genes (polyA PCR) was carried out as previously reported [17] . Control samples in absence of reverse transcriptase were also generated.
Microarray analysis
cDNA samples obtained from 200 cells were labeled using EpiLabel™ (Epistem, UK)
developed by G.Brady [17, 18] where X is the gene expression level, the first term on the right hand side is the difference due to the different developmental stages, and the second term includes various sources of noise (including the fact that the samples come from different tissues). Under the hypothesis that DS is a model for accelerated aging, we use the difference in X ∆ between normal and DS samples to detect candidate markers for aging. We empirically estimated the variance of
and selected probes exhibiting a signal to noise ratio greater than 2, equivalent to a p-value of 0.05.
Transcriptional regulation and pathway analysis was performed using Metacore software (GeneGo Inc.). Analysis of transcriptional networks was performed using the transcriptional regulation network building algorithm. This algorithm generates subnetworks centred on transcription factors, which regulate the most number of genes on the input list. All positive and negative interactions from manually curated published data were included in the analysis.
Gene interaction subnetworks of the Notch signaling pathway containing high numbers of differentially expressed probes were analyzed using the MMG tool [19, 20] . Briefly, MMG searches the network for coherently expressed subnetworks by employing a statistical technique, the Markov Random Field. This essentially encodes the intuitive A C C E P T E D M A N U S C R I P T
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idea that a gene interacting with many differentially expressed genes is more likely to be differentially expressed. Genes with a probability of being differentially expressed greater than 80% are assigned to the differentially expressed class, and subnetworks are then obtained by exhaustive percolation search.
Real time quantitative PCR
PCR primer pairs were designed for mRNA sequence within 500 bp of the 3' end of each gene (table 1) using Primer Express Software (Perkin Elmer/Applied Biosystems) and used in PCR reactions carried out in 10 μl containing qPCR Mastermix for Sybr Green I (Eurogentec), 0.1µM reverse and forward primers and 2µl of 1:100 or 1:1000 dilution of PolyA cDNA. PCR was performed using the following thermal cycle: 2 min 50°C, 10 min at 95°C, followed by 40 cycles of 15 s at 95°C, 60 s at 60°C. Samples were analysed using an ABI Prism 7700 sequence detection system (PE Applied Biosystems)
as recommended by the manufacturer. A dilution series of human genomic standards for calibration of real-time PCR was generated using human genomic DNA (Promega). Only primers with an efficiency coefficient of -3.3 to -3.8 were considered. The expression level of the L32 gene was used to normalize for differences in input of polyA amplified cDNA. Each sample was run in triplicate and a RT-PCR negative control was also tested to exclude any contaminating DNA amplification. The expression ratio was calculated using the standard curve method and calculating amounts for each sample normalized to L32 amounts. Differences were considered significant with p<0.05 following non parametric one way ANOVA Kruskal Wallis test.
Results
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Selection of differentially expressed genes
The ability of HSCs to permanently reconstitute myeloablated recipients in all blood cell lineages is the most rigorous criteria for evaluating HSC activity. In human, the longterm reconstituting HSC reside within the CD34+/CD38-fraction of cells in the BM [21] .
Total RNA from 200 PI-/CD45+/CD34+/CD38-cells from patients affected by DS but with no apparent hematological abnormalities (HSC-DS n=2) and healthy age matched controls, (HSC, n=3) was amplified. Neurosphere cultures derived from the cortex of primary human DS fetal tissue (NSC-DS, n=2) at 12 and 18 weeks gestation respectively, before neuroanatomical defects are observed, and age matched healthy controls (NSC, n=2) were established. Total RNA from 200 cells was used for amplification before any change in their growth kinetic and differentiation capacity had ensued and gene expression profiling carried out by affymetrix gene chip.
Hierarchical clustering of the samples using the expression profiles of all genes showed clustering between the two different cell types (Fig. 2 ). Moreover samples obtained from healthy donors had similar expression patterns and clustered together but were separate from samples obtained from donors affected by DS, suggesting differences between healthy controls and patients affected by DS in both stem cell types, although those differences were not very pronounced.
Gene expression data from all samples were combined according to the model described in materials and methods to detect age-related differential expression. Under an assumption of Gaussian noise on the log expression levels, we identified possible up and downregulated genes by considering those whose expression levels in the two conditions Analysis of the shortlist of differential genes in terms of biological function using the manually curated pathway analysis software Metacore revealed 30 statistically overrepresented networks (Fig. 3) . Most of the pathways listed have been previously associated with aging. One mechanism believed to be central to the aging of cells is DNA damage (Fig 2, process n3 ) [22] . The downregulation of genes involved in DNA repair imbalance in the apoptotic process in favor of cell death (Fig. 3 , process n. 14). The enrichment in genes which promote S phase of the cell cycle (Fig. 3 , process n. 24) and genes of the Notch pathway (Fig. 3 , process n. 9), known to promote self-renewal [23] , suggests the possibility of stem cells undergoing compensative proliferation. The presence of numerous pathways involved in inflammation is highly intriguing and in line with very recent data where two biomarkers of human aging, chitinase and CRAMP,
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were identified in the mTERC-/-mouse model of telomere dysfunction and DNA damage and then validated further in the serum of patients with chronic diseases and telomere shortening [24] . These proteins are involved during activation of innate immunity and inflammatory disease and suggest that the immune system may be activated by DNA damage and contribute to the clearance of apoptotic or senescent cells. Of interest and surprising at first is the strong enrichment in genes involved in angiogenesis such as IL8, VEGF, amphiregulin, angiogenin, Jagged1 or HIF1 [25] [26] [27] . All of these genes have been described as major players in changing the tumor microenvironment to enhance the survival and proliferation of tumor cells [25] [26] [27] [28] . It is tantalizing to speculate that stem angiogenesis [27, [32] [33] [34] . Moreover NF-kB is also activated by increased intracellular ROS [35] suggesting that stem cells may be subjected to increased damage. Indeed the disregulation of FOXO3A is in support of this. FOXO3A has recently been shown to be important in the preservation of long-term HSC reserve and function with age by protecting them from ROS damage [36] .
Of the 30 significant networks 10 were related to Notch signaling (p53, c-Myc, HIF1A, p63, p73, RelA, c-Jun, c-Fos, STAT3, E2F1) an important regulator of stem cell numbers in vitro and in vivo and known to promote self-renewal [23, 37] . As transcription factors related to Notch were the most represented we then searched using the direct interactions Overall the subnetwork analysis supports the model suggested by the analysis of the biological processes. Increased proliferation is suggested by most networks. Activation of
HIF1A and VEGF is in line with the transcriptional network analysis and reinforces the concept of increased neovascularization of the microenvironment as an autocrine mechanism to improve survival and proliferation. Similarly the increase in the expression of ErbB-2 have been shown to be associated with recruitment of progenitor cells during the cell-cycle [38] . Most important is the upregulation of key molecules belonging to Notch, WNT and TGFbeta pathways, all shown to be involved in self-renewal of HSC and NSC [39] . Indeed the cooperation between WNT and Notch has recently been reported as important for HSC maintenance [40] and molecules such as beta catenin and Smad4 have been shown to have a role in HSC maintenance and self-renewal in murine models. Overexpression of beta catenin has been shown to prevent HSC differentiation and promote proliferation leading to higher levels of chimerism in transplantation [41] .
Smad4 deficient HSC displayed a significantly reduced repopulation capacity in primary and secondary recipients, suggesting that increased levels promotes HSC self-renewal [42] . A decrease in c-myc and p53 expression seen in network 3 (table 3) is in favour of preservation of the stem cell pool either by blocking differentiation [43] or increasing proliferation [44] . However, increased DNA damage accompanied by increased proliferation potentially pose a danger for malignant transformation especially in a cytokine rich environment. Indeed it has been shown that mice with a reduced expression of p53 showed an increase in the HSC pool but also an increase in the incidence of tumorigenesis [44] . It is possible that a decrease of genes such as Pten [45] or increase of p38MAPK [46] are put in place as censor mechanisms to block the rise of potentially malignant clones by inducing apoptosis or senescence.
Validation of DS as model of stem cell aging
To test whether changes in expression seen in stem cells of patients affected by DS The disadvantage of this method is that it is only able to account for positive interactions and therefore pathways are expected not to be exhaustive. Indeed p21 an important gene of the pathway, which senses telomere attrition and block cell proliferation in response to telomere dysfunction was found upregulated in the expression array but did not emerge by any of the network analyses. The upregulated expression was confirmed by realtime qPCR on independent DS HSC and HSC of older people, confirming that further work is required for the complete identification of the pathways involved. These data suggests that DS detects early events occurring in stem cells with age and that age is an incremental process that starts during fetal development and continues thoroughout life.
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Notch and Wnt are important in the process of human stem cell aging but some data are missing and are for further study.
Discussion
This study shows how a systems biology approach based on modelling of the process of stem cell aging and strengthened by information on direct protein interactions in networks and pathways can overcome some of the limitations imposed by previous gene expression analysis and lead to the identification of a stem cell aging signature.
To date gene expression studies of human stem cells had been carried out to identify a stem cell self-renewal signature but failed in their intention [47] [48] [49] 
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The data obtained show strength in a variety of ways. There is great consistency of the results among the different analyses carried out. Transcriptional networks and subnetworks identify molecules which overlap and are central to processes related to aging. Most importantly key genes identified by our analysis were also identified by two other studies in a different progeroid syndrome, the Hutchinson Guilford Progeroid Syndrome, and in a different stem cell type, the mesenchymal stem cell [50, 51] , highlighting how these pathways are well conserved among stem cell types and across accelerated aging disorders and may well be the core molecules of an aging stem cell signature. Although most of the genes we have identified are not included in the differentially expressed genes identified in HSC of older mice by bioinformatic analysis [1] , mining of the same data for individual genes such as c-Fos ,KLF4 and IL8 showed upregulation of these genes in mice with age, suggesting that those networks may well be conserved between human and mice and a similar signature could be found if the same mathematical model was applied.
We have focused the validation of DS as a model of stem cell aging to the analysis of HSC due to their easier availability from older donors where, according to the model, changes were expected to be the greatest. We have shown that 9/11 genes tested and expected to be overexpressed in HSC of patients affected by DS were also up-regulated by HSC of older people. These data suggest that overall changes in HSC of patients affected by DS reflect changes in HSC of older people. As predicted by the mathematical model those changes were even greater in HSC of older donors than in HSC of patients affected by DS because they occurred in a later phase of development, in line with a
model of continuous development of the aging process and with DS as a model of early changes in aging.
This study supports the attempt to preserve the stem cell pool by upregulation of genes active in enhancing proliferation or inhibiting differentiation to compensate for losses due to increased damage, apoptosis and senescence. However, in agreement with the view that advancing age is accompanied by an increased incidence of cancer and that stem cells represent the ideal target for the accumulation of premalignant damage, it also supports the notion of a tenous balance between tumour suppression and stem cell aging.
There are several elements which suggest that the compensative proliferative stress may put the stem cell at higher risk of neoplastic transformation. The decrease in p53 levels may signal a stem cell which is predisposed to malignant transformation. p53+/-mice showed an increase in HSC numbers but also an increase in the incidence of cancer [44] .
Decrease Pten levels have been associated with the generation of leukaemia initiating cells [45] . Active NK-kB has been found to correlate with proinflammatiry cytokine and proangiogenic factors to form an environment favourable to survival and proliferation but also to malignant transformation [33, 52] . On the other hand factors such as C/EBPbeta have been shown to decrease proliferation and induce senescence in response to oncogenic stimuli to restrict the expansion of incipient neoplastic cells, leading to activation of multiple interleukins such as IL8 [31] . Indeed IL8 expression has been seen to increase 1000 fold in response to oncogenic stimuli [31] . The presence of tumor suppressor mechanisms triggered by telomere dysfunction, such as those mediated by the increase of p21, seems to counterbalance the oncogenic potential of the aged stem cell
and its environment. However any failure of those mechanisms may find favourable conditions for cancer development.
In summary this is the first study to identify key genes and processes occurring in human stem cells with age and validates Down Syndrome as an excellent model to detect early events in aging of stem cells. It is the first time that molecules such as p38 MAPK, FOXO3A and p21, which have been shown to have a role in stem cells with age using artificial murine knock out models, do play a role in the regulation of HSC of older individuals in physiological conditions. Identification of upregulation of molecules such as p21 provides hope that aging may be delayed without concomitant increase in cancer incidence by the careful manipulation of the p21 pathway in stem cells as shown in murine models [53] .
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CD34+CD38-population after sort; F) CD34+ CD38+ population after sort. The purity was measured and found to be >95%. Table 2 Significant transcriptional networks associated with the highest number of genes differentially expressed in stem cells of patients affected by DS compared to healthy age matched controls. P value for each network indicates the probability of assembly from a random set of genes TR-beta1, Relaxin 2, Brca2
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